The effect of thyroxine (Tf) and triiodothyronine (T3) on the expression of uncoupling protein (UCP) in rat brown adipose tissue (BAT) has been examined. Thyroidectomized rats have a threefold reduction in basal UCP levels. When exposed to cold, they become hypothermic and show a fivefold lower response of UCP than euthyroid controls. T3 augments the basal levels and the response of UCP and its mRNA to cold in a dose-dependent manner. However, to normalize the response of UCP, T3 has to be given in a dosage that prodpces systemic hyperthyroidism. Mere T3 replacement corrects the systemic hypothyroidism but not the hypothermia or the low levels of UCP. In contrast, replacement doses of T4 prevent the hyppthermia and correct the UCP level. Both effects off TX are Olocked by preventing T4 to T3 conversion in BAT. Thus, the optimal UCP response to cold and protection'against hypothermia require a high BAT T3 concentration, which is attained from euthyroid levels of T4 via the activation of the BAT T4 5'deiodinase during cold exposure, but not from euthyroid plasma T3 levels.
Introduction
Brown adipose tissue (BAT)' is a site of facultative nonshivering thermogenesis where heat production increases markedly in response to low ambient temperature and overfeeding (diet-induced thermogenesis) by mechanisms triggered by the sympathetic nervous system (1) (2) (3) . The cornerstone of these responses is the capacity of BAT to increase the oxidation of fatty acids and, at the same time, to uncouple oxidative phosphorylation. This latter is accomplished by a' 32-kD protein located considered to be a rate-limiting factor for the thermogenic function ofthis tissue (3) . Thyroid hormone has also a well recognized thermogenic effect, but this is believed to result largely from the widespread metabolic stimulation in other tissues rather than in BAT, where it would just play a permissive role (4, 5) . However, BAT contains a thyroxine (T4) 5'deiodinase (5D), which catalyzes the conversion ofT4 to triiodothyronine (T3), 10 times more potent than T4 (6) . This enzyme is markedly activated by sympathetic stimulation (7, 8) , which results in a several-fold increment in the concentration of T3 in BAT with'no major change in plasma levels of T4 or T3 (8) . Moreover, we have recently found that BAT has the potential to respond to T3 in that it contains nuclear T3 receptors in number comparable with the pituitary and liver, both highly sensitive to thyroid hormone.
Over 50% of the nuclear-bound T3 is generated via BAT 5D, resulting in an overall receptor saturation of "-70% (9) . These findings suggest a critical role for thyroid hormone and hence for BAT SD in the function ofthe brown adipocyte. Accordingly, we have examined in rats the effect of thyroid hormone, specifically the intracellularly generated T3, on the response of UCP to cold stress. We have found that T3 (14) with minor modifications. Equal aliquots of mitochondria (after in vivo labeling) or of TCA-insoluble 3S counts (in vitro translation) were incubated overnight with a 1/100 dilution of UCP antiserum in 10 mM phosphate buffer (pH 7.5) containing 150 mM NaCl, 1% deoxycholate, and 1% Triton X-100 (14) . The immunocomplexes were precipitated with goat anti-rabbit IgG for 2 h at 4VC and recovered by centrifugation for 20 min at 2,000 g through a cushion of 1 M sucrose. The pellets were washed, counted or analyzed by SDS PAGE, and autoradiographed. Polysomal RNA was prepared as described previously (15) in the presence of 10 mM vanadyl ribonucleosides complexes. Polysomes were resuspended in 4 M guanidinium isothiocyanate and RNA was recovered by centrifugation through 5.7 M CsCl (15) . Poly A RNA was isolated with a commercial Poly-Ucoated paper, HybondR-mAP (Amersham Corp., Arlington Heights, IL) as described elsewhere (16) . The yield was -10 Isg/g tissue. 1 ,g of polysomal mRNA was translated in a rabbit reticulocyte lysate (Bethesda Research Laboratories, Gaithersburg, MD) in the presence of carrierfree [35Sjmethionine, as described by Pelham and Jackson (17) and with the modifications introduced by the manufacturer of the kit. BAT 5D and a-GDP activities were measured as described elsewhere (6, 18, 19 
Results
Purification of UCP, antisera, and immunoassay. The yield of UCP was -70 ;g/g of BAT. One out offour rabbits immunized with two injections of 50 ,ug of UCP gave a highly specific antibody that has been used in the present experiments. Fig. 1 A illustrates the degree of purification of UCP and the presence of a prominent 32-kD band in mitochondria (lanes 4 and 5), but not in cytosol. The immunoblotting of these proteins, after transfer to nitrocellulose paper ( Fig. 1 B) , identifies the 32-kD band as UCP and illustrates the specificity of the antibody. The assay was highly specific and sensitive; it could detect 50 ng of UCP, which allowed us to assay as little as 1-2 ,g of mitochondrial protein (see Fig. 2 ).
Effect of thyroid hormones on body temperature and UCP levels in rats maintained in the coldfor 48 h. Intact rats maintained their core temperature after 48 h at 4°C, whereas the hypothyroid animals had severe hypothermia (Table 1) . At 25°C, the UCP level in hypothyroid animals was about one-third of that ofintact rats (10 vs. 32 ag/mg) and, although in both groups increased significantly with the cold exposure, the level was four to five times higher in the euthyroid than in the hypothyroid rats (76 vs. 17 -g/mg; One-way analysis of variance: * P < 0.01 vs. Tx at 40C; *P < 0.01 vs. Tx + T4at 40C; P < 0.01 vs. Tx + T4+ T3at 4 C;Q P < 0.01 vs.
intact rats.
as it normalized serum T3 (not shown but see Table III for a similar experiment). In contrast, an amount of T4 equal to the production rate (7) (Table I ). In contrast, the lowest dose of T3 nor- (14) . For all three variables the response to the lowest dose of T3 was significant (P < 0.01).
malized the liver aGPD and serum T3 concentration, whereas higher doses resulted in hyperthyroid serum levels of T3 and aGPD activity. Actually, the highest dose of T3 provided an average nuclear receptor saturation of>90%, as can be calculated from the half-saturating plasma T3 concentration (9) and the integrated plasma T3 concentration obtained from the serum T3 level in Table II and the half-time of disappearance of T3 from plasma in cold-exposed rats (8 (Fig. 3 A) . The Effect of cold exposure and thyroid hormones on the UCP mRNA levels. To determine whether the thyroid hormone-induced increase in UCP synthesis was pre-or posttranslational, we examined the products oftranslation ofBAT mRNA obtained under the same conditions ofthe preceeding experiment. Neither the amount of mRNA recovered per gram of tissue nor the recovery of TCA-insoluble 35S counts after translation was significantly affected by the various experimental manipulations. When identical numbers of TCA-precipitable 35S counts were Fig. 2 B) . After (3) . It is thanks to this protein that the augmented oxidation of substrates in BAT, largely fatty acids, can result in marked increments in heat production and energy dissipation in overfeeding (1-3). Hypothyroid animals and humans are known to be at risk of hypothermia in cold environments. The protective effect of thyroid hormone has always been considered to result from the stimulation of oxidations in a variety of tissues. We have confirmed that hypothyroid animals cannot maintain their core temperature when exposed to cold and that the abnormality is rapidly corrected by thyroid hormone, but the prevention ofthe hypothermia correlated with the correction of the UCP levels, not with the correction of liver aGPD. Because of our earlier demonstration of the activation of BAT 5D by sympathetic stimulation and the several fold increase in BAT T3, we suspected that T3 was more important for BAT than previously recognized (7, 8) . On the other hand, the enzyme is rapidly inhibited by high doses ofT4 (22) , and the experiments exploring the effect ofthyroid hormone on BAT had been done with high doses of T4 in animals exposed to cold (4, 5) . We reasoned that the cold-stimulated deiodinase activity and the magnitude of the T4 doses, probably resulted in shallow dose-response curves leading to the concept that thyroid hormones were just permissive. We have shown here that the UCP response is clearly T3 dose dependent. In addition, we found that the dose of T3 necessary to normalize UCP is in the hyperthyroid range, which we have documented with the hyperthyroid levels of aGDP activity in the liver. Based in recent studies (9), we calculated that the highest dose ofT3 used in the present experiments maintained the nuclear T3 receptors -90% saturated. A calculation of nuclear occupancy in similar experiments (Bianco, A. C., and J. E. Silva, manuscript in preparation) indicates that the UCP response is not linear with nuclear occupancy but of the amplified pattern shown by Oppenheimer et al. for aGPD and malic enzyme in rat liver (23) . This, and the finding that the receptors are 70-75% occupied in euthyroid rats at 250C (9) , suggest that the optimal response ofthis tissue to cold requires a high degree of saturation.
The critical level of BAT T3 needed for a full response is much more efficiently reached by in situ intracellular generation than from plasma T3. Only one replacement dose of T4 can normalize the response of UCP to cold in animals with chronic hypothyroidism, but several days of T3 replacement were insufficient. The latter, however, normalized both serum T3 and liver aGPD, documenting the adequacy of the regimen to replace this hormone. Blockade of T4 to T3 conversion by IOP prevented the effect ofT4 but not that of T3, without affecting the plasma levels of either iodothyronine or decreasing the T4 availability in BAT. This suggests that it is the T3 generated in BAT, and not plasma T4 or T3, the relevant hormone for the UCP response to cold. In previous studies (8) , we showed that, after a dose of T4 identical to that used in the present experiments, 4 h of cold exposure resulted in -five times as high locally generated BAT T3 as that of rats maintained at room temperature. The excess of T3 was due to the sympathetic activation of BAT 51D because it was prevented by prazosin, an al-antiadrenergic agent that impairs the cold-and the norepinephrine-induced activation of BAT 5'D (7, 8) . The present results illustrate the relevance of such activation, for a dose of T4 insufficient to normalize the serum T3 concentration or liver aGPD, normalized the UCP response to cold. To obtain the same response with exogenous T3 requires ofdoses causing hyperthyroid levels ofserum T3 and liver aGPD.
Acute exposure to low ambient temperature results in a rapid increase of the mRNA levels of UCP (24) . T3 also increases the rate of synthesis of this protein both, at room temperature and in response to cold, which reflects proportional elevations of corresponding mRNA. Whether the effect of thyroid hormone is direct, either by increasing the transcription rate of UCP mRNA or to stabilizing this mRNA, or whether the effect is indirect by amplifying a signal triggered by the sympathetic nervous system, remains to be demonstrated. Whatever the mechanism involved, this is another situation where thyroid hormone amplifies the response to a primary stimulus, in this case the sympathetic nervous system, as it does with the response of lipogenic enzymes to carbohydrates (25) , and in that constitutes an excellent model to study thyroid hormone action at molecular level. Of course, the use of UCP as a model of thyroid hormone action at cellular level mandates to demonstrate that the UCP responses observed here are direct e.g., not mediated through an effect on the adrenergic pathway, which will probably need the development of an in vitro system. Because BAT function in hibernating species is to warm the hypothermic body ofthese animals at the end of hibernation (2, 3) , the possibility that hypothermia itself impaired the raise of UCP in the present experiments is remote, but also must be excluded.
Two corollaries emerge from the results presented here. First, that BAT 5'D is a key element in the function of BAT and hence a variable that may affect the physiological responses of this tissue. This conclusion is in agreement with the observation that ob/ob mice die of hypothermia when exposed to cold, for in these animals the BAT 5'D is not activated by the cold as in lean controls (26) . Secondly, that at euthyroid levels of T4 and T3, the thermogenic effect of T3, evidenced in its ability to prevent hypothermia at low ambient temperature, results largely from its action on BAT and not from its various and widespread metabolic effects in other tissues. The present data suggest that the stimulation of UCP synthesis is one of the mechanisms by which thyroid hormone exerts this physiological effect, but the possibility that T3 affects other aspects of BAT metabolism leading to the same results, remains open. Because the calorigenic BAT response may be limited by the saturation ofthe receptors, one would expect that the increased thermogenesis observed in hyperthyroidism results largely from the direct action ofthyroid hormones in other tissues, where an increase in respiration has been well documented (27, 28) .
